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Recent studies of radio data put strong constraints on annihilation cross section for dark matter.
In this article, we provide the first analysis of using M33 radio data in constraining annihilating
dark matter. The resulting constraints of annihilation cross sections for some channels are more
stringent than that obtained from 6 years of Fermi Large Area Telescope (Fermi-LAT) gamma-ray
observations of the Milky Way dwarf spheroidal satellite galaxies. In particular, the conservative
lower limits of dark matter mass annihilating via e+e−, µ+µ−and τ+τ− channels are 190 GeV, 120
GeV and 70 GeV respectively with the thermal relic annihilation cross section. These results are in
large tensions with some of the recent quantitative analyses of the AMS-02 and Fermi-LAT data of
the Milky Way center.
INTRODUCTION
In the past few years, gamma-ray observations and
positron detections revealed the possibility of dark mat-
ter annihilation in our galaxy. For example, the detec-
tion of positrons from the Alpha Magnetic Spectrometer
(AMS) indicates that some excess positrons exist in the
Milky Way, which might originate from non-standard as-
trophysical processes [1–3]. Besides, some excess gamma-
ray signal from the Milky Way center is observed by the
Fermi Large Area Telescope (Fermi-LAT) [4, 5]. The
signal is observed to extend to at least 10◦ from the
Milky Way center, which is difficult to be explained by
the emission of millisecond pulsars [4]. Therefore, some
studies claim that the excess GeV gamma rays and the
excess positrons detected can be best explained by dark
matter annihilation [4–9]. Originally, detailed analyses
based on the electron and positron data from AMS-02
suggest that the dark matter mass should be of the or-
der m ∼ 100 − 1000 GeV [9]. For the Fermi-LAT data
of the Milky Way center, the best-fit dark matter mass
is ∼ 30 − 40 GeV via the bb¯ channel [4]. However, re-
cent data from Fermi-LAT observations of the Milky Way
dwarf spheroidal (MW dSph) satellite galaxies and some
other indirect observations [10–13] put very tight upper
limits on the annihilation cross section. Most of the lim-
its are lower than the best-fit ranges of the dark mat-
ter interpretation of the gamma-ray and positron excess.
Therefore, the above suggested proposals are now disfa-
vored.
Later, some new analyses suggest that m ∼ 10 − 100
GeV dark matter annihilating via e+e−, µ+µ− or τ+τ−
channel can also obtain good fits to the AMS-02 data
[14]. Also, by relaxing the dark matter density profile
for the Milky Way, [8] obtain new sets of parameters
that can explain the gamma-ray excess. These claims can
marginally satisfy the Fermi-LAT MW dSph constraints.
However, some other studies based on radio data seem to
disfavor these claims [15–17]. In this article, we use the
radio data of M33 to test the claims and obtain some new
constraints for annihilating dark matter via six standard
model annihilation channels. This is the first time to
use the radio data of M33 to constrain annihilating dark
matter. We will use the latest data and parameters to
calculate the new constraints.
RADIO OBSERVATIONS OF M33
The group in [18] uses radio telescope to observe 3.6 cm
and 20 cm emission of M33 spiral galaxy. After analyz-
ing the radio data, a significant amount of non-thermal
emission originated from a large region R ≤ 7.5 kpc is
detected. The non-thermal radio flux density for 3.6 cm
(ν = 8.3 GHz) and 20 cm (ν = 1.5 GHz) observations
are 370± 137 mJy and 2245± 145 mJy respectively [18].
In fact, the non-thermal emission can originate from star
formation in M33 or some other astrophysical processes.
Nevertheless, if we assume that all the non-thermal ra-
dio radiation originates from synchrotron radiation of the
electron and positron pairs produced by dark matter an-
nihilation, the upper limits of the above two fluxes can be
used to give conservative constraints of dark matter an-
nihilation. The upper bounds of the total energy flux
are S ≤ 4.2 × 10−14 erg cm−2 s−1 (for 3.6 cm) and
S ≤ 3.6× 10−14 erg cm−2 s−1 (for 20 cm).
The magnetic field strength of M33 is B = 8.1 ± 0.5
µG [19]. This large magnetic field strength ensures that
the synchrotron radiation dominates the cooling rate of
the electron and positron pairs. We also include another
major cooling process, the inverse Compton scattering,
in our calculations. It contributes 15% of the total cool-
ing rate, and it would suppress the resulting radio sig-
nal slightly. The diffusion time scale of the electron and
positron pairs is much longer than the cooling time scale.
If we take a conservative value of the diffusion coeffi-
cient D0 ∼ 10
28 cm2 s−1 for M33 [19], the diffusion and
cooling time scales are tD ∼ R
2/D0 ∼ 5 × 10
16 s and
tc ∼ 1/b ∼ 5 × 10
15 s respectively, where b ≈ 2 × 10−16
GeV s−1 is the total cooling rate [20]. Based on this re-
sult, the diffusion term in the diffusion equation can be
neglected and the injected spectrum of the electron and
2TABLE I. The values of S0 (in erg cm
−2 s−1) for different
dark matter density profiles and radio observations.
3.6 cm (E = 13.8 GeV) 20 cm (E = 5.85 GeV)
S0 (NFW) 2.6
+1.6
−1.1 × 10
−10 11.2+6.6
−5.0 × 10
−11
S0 (Burkert) 1.4
+0.1
−0.1 × 10
−10 6.0+0.4
−0.3 × 10
−11
positron pairs is proportional to the source spectrum of
dark matter annihilation dNe/dE [21].
By using the monochromatic approximation [22], the
total synchrotron radiation energy flux of the electron
and positron pairs produced by dark matter annihilation
is given by [22, 23]:
S ≈
1
4pid2
[
6.78 < σv >
m2
∫ R
0
4pir2ρ2EY (m,E)dr
]
, (1)
where d = 840 kpc [24], ρ is the dark matter density
profile of M33, < σv > is the annihilation cross section,
E = 0.43(ν/GHz)1/2(B/mG)−1/2 GeV, and Y (m,E) =∫m
E (dNe/dE
′)dE′. The electron or positron spectrum
dNe/dE for each annihilation channel can be obtained
in [25]. Here, we assume that the magnetic field strength
in M33 is uniform for r ≤ 7.5 kpc. In fact, the resulting
energy flux does not sensitively depend on B. Also, we
expect that the magnetic field near the center of M33 is
much higher than 8.1 µG. Therefore, using the constant
profile of B would give an underestimated total radio flux
S. In other words, this can give conservative constraints
for dark matter annihilation cross section.
In the following, we use two profiles, the Navarro-
Frenk-White (NFW) profile [26] and the Burkert profile
[27], to model the dark matter density profile of M33.
The latest parameters of these profiles based on dynam-
ical analysis of the M33 rotation curve are (ρs, rs) =
(1.79+0.77
−0.61, 6.42
+0.56
−0.47) and (ρc, rc) = (12.1± 2.0, 7.5± 1.5)
[28, 29] respectively, where the units for the densities
and scale radii are in 10−25 g cm−3 and kpc. By putting
different density profiles into Eq. (1) with the above pa-
rameters, we can get an analytic expression for the lower
limit of S:
S ≥ S0
(
< σv >
2.2× 10−26 cm3 s−1
)( m
GeV
)−2
Y (m,E),
(2)
where S0 is a constant which depends on the density
profile and the characteristic peak energy E (see table
1).
From table 1, we can see that both density profiles give
similar radio flux. Therefore, the choice of the density
profiles is not a key factor in this analysis. We will use
the NFW profile to do the analysis as it gives better fits to
the rotation curve data of M33 [29]. By using the data of
dNe/dE in [25], we can calculate Y (m,E) for different m
and the two characteristic energies (E = 5.85 GeV for the
20 cm data and E = 13.8 GeV for the 3.6 cm data). By
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FIG. 1. The upper limits of the annihilation cross sections for
the six annihilation channels. The black and blue solid lines
represent the upper limits obtained by 20 cm and 3.6 cm
radio data respectively (without substructure contribution).
The dashed lines represent the corresponding upper limits
with the consideration of substructures. The red solid lines
represent the upper limits obtained by Fermi-LAT gamma-ray
observations of Milky Way dwarf spheroidal satellite galaxies
[10].
comparing Eq. (2) with the observed upper bounds of the
total non-thermal radio flux, we can get the upper limit
of the annihilation cross section for each channel (see
Fig. 1). The resulting constraints of annihilation cross
sections for two annihilation channels (e+e− and µ+µ−)
are generally more stringent than that obtained from 6
years of Fermi-LAT gamma-ray observations of the MW
dSph satellite galaxies [10], while the other four channels
give less stringent constraints. It is not a surprising result
because the electrons and positrons produced by these
four channels are generally dominant in the lower energy
range (e.g. most positrons are at E ≤ 5 GeV for m = 50
GeV via bb¯ channel). However, the radio data used are
focusing on higher energies (E = 5.85 GeV and E = 13.8
GeV) positions. Therefore, based on this limitation, we
will mainly focus on the e+e− and the µ+µ− channels and
use these results to compare with the existing models.
We will also use the results of the τ+τ− and bb¯ channels
as we will see soon they can also give tight constraints if
we consider the effect of substructures.
In standard cosmology, the thermal relic annihilation
cross section should be < σv >= 2.2 × 10−26 cm3 s−1
for m ≥ 10 GeV if dark matter particles are thermal
relic particles [30]. This value is determined by the total
dark matter content in our universe. We can see that
for the channels e+e− and µ+µ−, the allowed ranges of
m are m ≥ 80 GeV and m ≥ 40 GeV respectively for
3the thermal relic annihilation cross section. However, for
the other four channels, the upper bounds of the cross
sections are generally above the thermal relic annihilation
cross section for m ≥ 10 GeV.
THE EFFECT OF SUBSTRUCTURE
Recent studies indicate that substructures would be
formed when dark matter particles form structures.
These substructures can greatly increase the annihila-
tion rate to about an order of magnitude [31, 32]. The
boost factor Bf can describe how substructures affect the
total annihilation rate [31, 33]. Recent simulations indi-
cate that the boost factor can be simply obtained by the
following empirical formula [33]:
logBf =
5∑
i=0
bi
(
log
M
M⊙
)i
, (3)
where M is the virial mass of the structure and bi is the
fitted coefficients [33]. By using the virial mass of M33
M = (4.3 ± 1.0) × 1011M⊙ [28] and the most conserva-
tive model in the simulations [33], the boost factor for
M33 is Bf = 4.86. This value is reasonable as the size
of M33 is in between a typical dwarf galaxy and a typi-
cal normal sized galaxy (e.g. Bf = 3.4 for Draco dwarf
galaxy, Bf = 10 for M81 galaxy, Bf = 35 for Coma clus-
ter [32]). If we take this boost factor and re-calculate the
upper limits of the annihilation cross sections, we can
get tighter constraints (see Fig. 1). The allowed ranges
for the channels e+e−, µ+µ− and τ+τ− are m ≥ 190
GeV, m ≥ 120 GeV and m ≥ 70 GeV respectively for
the thermal relic annihilation cross section. These re-
sults are similar to our previous results using the radio
data of M31 [17].
COMPARING THE RESULTS WITH THE
LATEST FITS OF THE POSITRON AND
GAMMA-RAY DATA
Recent re-analysis of the AMS-02 data further de-
creases the best-fit mass and cross sections to ∼ 10− 100
GeV and < σv >∼ 10−26−10−24 cm3 s−1 [14]. Since the
uncertainties of the fits for the bb¯ and W+W− channels
are very large, we just focus on the other three channels
e+e−, µ+µ− and τ+τ−. The best-fit parameters for these
three channels are given in table 2.
Without considering the substructure contribution,
most of the best-fit parameters are allowed except for
the τ+τ− channel. However, if we consider the substruc-
ture effect, all these parameters are in large tensions with
our results (see Fig. 2). In fact, our previous study using
the radio data of M31 tends to disfavor these parameters
[17]. Now, our results based on the radio data of M33
TABLE II. The best-fit parameters of the AMS-02 data for
three channels [14].
Channel m < σv >
e+e− 50+1
−4 GeV 5.6
+2.2
−2.6 × 10
−27 cm3 s−1
µ+µ− 88+31
−9 GeV 7.9
+12.6
−3.4 × 10
−26 cm3 s−1
τ+τ− 635+73
−195 GeV 7.2
+1.4
−3.5 × 10
−24 cm3 s−1
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FIG. 2. The upper limits of the annihilation cross sections for
the e+e−, µ+µ−, τ+τ− and bb¯ channels. The data points with
1σ error bars are the results obtained in [8, 14] for the dark
matter interpretation of the GeV excess and positron excess
respectively. The dotted line is the thermal relic annihilation
cross section.
also support this claim. The dark matter interpretation
(with the annihilation channels e+e−, µ+µ− and τ+τ−)
of the positron excess based on the AMS-02 data should
be ruled out.
Besides the data of positron excess, [8] also analyze
the Fermi-LAT data of the Milky Way center and obtain
some best-fit parameters to account for the gamma-ray
excess in the Milky Way. By adopting the best models
for the Milky Way halo and background diffuse emission
models, they obtain m = 43+2.1
−1.9 ± 19 GeV and < σv >=
7.4+2.7
−2.3 × 10
−26 cm3 s−1 for the bb¯ channel and m =
9+0.27
−0.23 ± 2 GeV and < σv >= 2.2
+1.2
−0.7 × 10
−26 cm3 s−1
for the τ+τ− channel [8]. In Fig. 2, we can see that
these parameters are in large tensions with our results
too. Therefore, the dark matter interpretation of the
gamma-ray excess in the Milky Way is also dubious.
DISCUSSION
The M33 galaxy is a good candidate for constraining
annihilating dark matter. It is because M33 is a nearby
4galaxy and most of its parameters are well-determined.
Also, it is believed that the supermassive black hole at
M33 is not very massive (MBH ≤ 1500M⊙ [24]) so that
the resulting radio signal would not be affected signifi-
cantly due to this source. In this article, we provide the
first analysis of using M33 radio data to derive the radio
constraints of annihilating dark matter. Without consid-
ering the substructure effect, our results give more strin-
gent constraints on annihilation cross sections for two an-
nihilation channels, e+e− and µ+µ−. The allowed ranges
of dark matter mass for these two channels are m ≥ 80
GeV and m ≥ 40 GeV respectively for the thermal relic
annihilation cross section. If the effect of substructures
is considered, the allowed ranges would be tightened to
m ≥ 190 GeV and m ≥ 120 GeV respectively. Also, for
the τ+τ− channel, the viable range is m ≥ 70 GeV.
We compare our results with the best-fit parameters
obtained from recent analyses of the AMS-02 data and
the Fermi-LAT data of the Milky Way center. We find
that our results generate large tensions with all these
best-fit parameters (except for the bb¯ and W+W− chan-
nels in the analysis of the positron excess). Our results
generally agree with our previous analysis by using the
radio data of M31 [17]. Therefore, the dark matter in-
terpretation of the positron excess and the gamma-ray
excess is highly dubious. In fact, many studies point out
that the positron excess and gamma-ray excess may orig-
inate from some astrophysical processes [34–40]. Further
observations based on new instruments (e.g. DAMPE
mission [41]) may be able to verify our claims.
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